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In many southern Patagonia archaeological bone assemblages deposited in open-air settings, a 
remarkable difference in preservation between shafts and epiphyses of guanaco (Lama guanicoe) long 
bones, leading to an overrepresentation of the latter, has been found. It has been suggested that, in 
dynamic sedimentary deposits like those investigated in this region, the observed pattern is mainly 
related to subaerial weathering or to a combination of weathering and abrasion preferentially affecting 
long bone shafts, processes that may have little relationship with bone mineral density (BMD). In order 
to investigate in more detail the relationship between weathering and bone mineral density (BMD) and 
cortical thickness in guanaco long bones, a microscopic (low magnification) metrical analysis of partial 
cross-sections from a sample of modern radii-ulnae with a various degrees of weathering was performed. 
Overall, the obtained results suggest that subaerial weathering can suffice to explain the observed 
archaeological pattern of differential intraosseous preservation, although this inference should be further 
supported with data from a larger sample including other long bones as well as a more complete record 
of the weathering sequence. 
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  Microscopic characterization of bone weathering 
 
Madgwick & Mulville, 2012), in the study 
region proximal and distal ends tend to be 
overrepresented in bone assemblages recovered 
primarily from sites situated at the eastern 
and southern shores of the Cardiel Lake and 
at the eastern shore of Tar Lake (Figure 1). 
It has been proposed that, in dynamic 
sedimentary deposits like those investigated 
in this region, in which bones can be 
alternatively exposed or buried, the observed 
pattern is mainly related to subaerial 
weathering or to a combination of weathering 
and abrasion preferentially affecting long 
bone shafts (Belardi et al., 2010, 2012), 
processes that may have little relationship 
with bone mineral density (BMD) (Lam et 
al., 1999; Ioannidou, 2003; Madgwick & 
Mulville, 2012; Fernández-Jalvo & Andrews, 
2016). Due to this fact, the correlation 
between some measure of bone survivorship 
(e.g., MNE, MAU, %MAU, %survivorship; 
Lyman, 1994) and BMD would be an 
Introduction 
 
In southern Patagonia, particularly in the 
Cardiel and Tar lake basins (Santa Cruz, 
Argentina) (Figure 1), a remarkable difference 
in preservation between shafts and proximal 
and distal ends (epiphysis plus metaphysis) 
of guanaco (Lama guanicoe) long bones has 
been found in Late Holocene archaeological 
bone assemblages deposited in open-air 
settings situated at different altitudes above 
sea level, and in both clayey and sandy 
sediments (Belardi et al., 2010, 2012; 
Rindel & Bourlot, 2014). Contrary to the 
expectations derived from the knowledge 
about density-mediated processes of bone 
destruction like carnivore gnawing, some 
human culinary practices, and subsurface 
degradation (e.g., Guthrie, 1967; Brain, 1969; 
Marean & Kim, 1998; Pickering et al., 2003; 
Faith & Behrensmeyer, 2006; Faith et al., 
2007; Yravedra & Domínguez-Rodrigo, 2009; 
Figure 1. Portion of southern Patagonia from where the archaeological observations referred in the 
text were made; the dashed area east and south of Cardiel Lake and east of Tar Lake represent the 
distribution of the archaeological sites where the pattern of differential preservation of epiphyses 
and diaphysis in guanaco long bones was observed; enclosed within the dashed lines is the area 
from where the modern guanaco bone sample was collected. 
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In order to investigate in more detail the 
relationship between weathering, BMD, and 
cortical thickness in guanaco long bones, we 
continued a transactional study of modern 
carcasses initiated early this decade (Belardi 
et al., 2010, 2012). In this paper we present the 
first results of an exploratory microscopic 
(low magnification) metrical analysis of 
partial cross-sections from a sample of 
modern guanaco long bones (radii-ulnae) 
with a various degree of weathering recovered 
along several field seasons at open-air 
settings in the Tar and San Martín lake 
basins. The specific aim of this research is 
to describe the sequence of macroscopic and 
microscopic changes of bone tissues related to 
subaerial weathering at definite anatomical 
locations whose mean BMD values are 
known (Stahl, 1999). The relevance of this 
study for the zooarchaeological and taphonomic 
discussion in this region is related to the 
major importance that guanacos —large 
social ungulates weighting around 100 kg— had 
for past Patagonian hunter-gatherer economy 
(Borrero, 1990; Miotti, 1998; Mengoni 
Goñalons, 1999; Belardi et al., 2017). The 
environmental characteristics of the study 
area and several other details of the research 
problem were extensively described in a 
paper already published in this journal 
(Belardi et al., 2012), so they will not be 
addressed here. 
 
 
Materials and methods 
 
The analyzed sample was composed of 
ten radii-ulnae corresponding to ten different 
modern adult guanaco carcasses (sex: 
undetermined; time since death: unknown) 
with a various degree of skeletonization and 
weathering, recovered along several field 
inadequate or partial tool to evaluate and 
interpret the integrity of archaeofaunas from 
many southern Patagonia open-air sites (and, 
potentially, from other similar environments). 
Subaerial weathering is the result of a 
combination of physical and chemical processes 
leading to the progressive separation and 
destruction of the original microscopic 
organic and inorganic components of bone 
(Behrensmeyer, 1978:153). It manifests as a 
succession of changes involving surface 
cracking, flaking, exfoliation, splitting and, 
ultimately, disintegration of bone elements 
(Behrensmeyer, 1978; Steele & Carson, 
1989; Fisher, 1995). Several observational and 
experimental studies have analyzed both the 
way in which the weathering process affects 
the bones of large and small vertebrates under 
different environmental conditions (e.g., Miller, 
1975; Behrensmeyer, 1978; Andrews, 1990, 
1995). It has been observed that weathering 
follows a general pattern of progression, 
although with remarkable differences in rate at 
many relevant levels, for example taxonomic 
(Gifford, 1981; Gutiérrez et al., 2016), age 
group (Behrensmeyer, 1978; Massigoge et al., 
2010; González et al., 2012; Gutiérrez et 
al., 2016), anatomical (Behrensmeyer, 1978; 
Gifford, 1981; Todd et al., 1987; Lyman & 
Fox, 1989; Madgwick & Mulville, 2012). 
Other factors affecting the rate of subaerial 
weathering are the micro and macroenvironmental 
conditions under which carcasses or isolated 
bone elements are deposited (i.e., substrate, 
climate, etc.; Behrensmeyer, 1978; Andrews 
& Cook, 1985; Ubelaker & Sperber, 1988; 
Fiorillo, 1989; Tappen, 1994; Beary, 2005; 
Potmesil, 2005; Conard et al., 2008; Janjua 
& Rogers, 2008; Miller, 2009; Pokines, 2009; 
Pokines et al., 2011, 2016; Madgwick & 
Mulville, 2012; Junod 2013; Junod & Pokines, 
2014). 
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A) Maximum crack depth (MCD): depth 
of the deepest crack; 
B) Crack breadth (CB): surface breadth 
of the deepest crack; 
C) Crack continuation (CC): distal 
prolongation of the deepest crack not 
presenting noticeable separation of bone 
tissues at the time of measurement; 
D) Cortical bone thickness (CBT): 
cortical thickness at the place where the 
MCD was measured; in cases in which no 
fissure was present, the measurement was 
conventionally taken at the mid-point of the 
hemi cross-section; 
E) Lateral crack length (LCL1-LCL1’…
LCLn-LCLn’): length of the concentric 
cracks lateral to the deepest longitudinal 
crack (right and left side, respectively); 
F) Lateral crack depth at the origin 
(LCD1a-LCD1a’…LCDna-LCDna’): vertical 
distance between the origin of each lateral 
crack and the bone cortical surface (right 
and left side, respectively); 
G) Lateral crack depth at the end (LCD1b
-LCD1b’…LCDnb-LCDnb’): vertical distance 
between the end of each lateral crack and 
the bone cortical surface (right and left side, 
respectively). 
 
seasons at different open-air settings in the 
Tar and San Martín lake basins (Belardi et 
al., 2012) (Figure 1). Table 1 describes the 
preservation state of each sampled element. 
At four locations on the bone surface, 
corresponding to the scan sites RU1, RU4, 
RU5 and RU6 defined by Stahl (1999) in 
his study of South American camelids bone 
mineral density, a weathering stage on the 
six-point (0 to 5) scale developed by 
Behrensmeyer (1978) was recorded. 
Generic camelid (Lama) BMD data from 
Stahl (1999) were used over the specific 
guanaco BMD data from Elkin and 
Zanchetta (1991) for the simple reason that 
the former uses more scan sites per skeletal 
element with a more precise description of 
its localization (Izeta, 2005:1161, Table 1). 
In order to model the spatial variations 
in bone weathering along the surface of 
each specimen, data from the four scan sites 
were interpolated using kriging in the free 
and open source GIS package QGIS 2.14.3, 
assuming that weathering actually varies 
continuously along a single bone element. 
The resulting model was then used to 
evaluate the degree to which the suite of 
sampled specimens constitutes a complete 
representation of the weathering continuum. 
At the above mentioned scan sites, an 
anterior hemi cross-section of bone (≈5 
mm) was extracted with the aid of a hand-
held mini drilling machine provided with a 
cutting wheel. The proximal cut surface of 
each specimen was observed under incident 
light with a stereomicroscope (magnification 
range of 10x to 40x). Under the microscope 
and with the aid of an electronic caliper (0-150 
mm/0.01 mm), seven metric variables 
characterizing the morphology of surface 
and inner cracks, both longitudinal and 
concentric, were measured (Figure 2): 
Figure 2. Metric variables recorded in each 
hemi cross-section of bone (radius-ulna) (see 
text for the description of each variable). 
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Laterality Observations 
right Soft tissues attached to bone surfaces in both ends and on the shaft; bone marrow in the interior of medullary canal and in both 
ends of the bone.  
right Soft tissues attached to bone surfaces in both ends of the bone; greenish spot on the distal side of the bone. 
right Soft tissues attached to bone surfaces in both ends of the bone; insect pupae in the medullary cavity; black dots on the surface. 
left Greenish and black spots in the cancellous bone. 
left 
Black dots on the surface; greenish and orange spots in the cancellous bone. 
left Black dots on the surface; greenish and orange spots in the cancellous bone; chunks of trabecular bone and indurated sediment 
in the medullary canal. 
right Black and greenish spots in both compact and cancellous bone; chunks of trabecular bone and non-indurated sediment in the 
medullary canal. 
left 
Black dots on the surface; greenish spots in the cancellous bone; sand in the medullary canal. 
right 
Black dots on the surface; greenish spots in the cancellous bone; vegetal remains (leaves) in the medullary canal. 
left Greenish spots in the cancellous bone; sand in the medullary canal. 
Specimen 
SP1 
SP2 
SP3 
SP4 
SP5 
SP6 
SP7 
SP8 
SP9 
SP10 
 Table 1. Description of the preservation state of each modern guanaco radius-ulna specimen analyzed. 
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Results 
 
Figure 3 illustrates that there seems to be no 
direct relationship between weathering and 
bone mineral density; in effect, portions of 
Basic descriptive statistics for the 
different metric variables were computed as 
well as a suite of nonparametric test 
(Spearman rank order correlation and 
Kolmogorov-Smirnov two-sample test). 
Figure 3. Modern guanaco radius-ulna specimens ordered in a progressive weathering sequence 
modelled using kriging. The two inferred gaps in the sequence are indicated. In the left upper row, 
an ideal unweathered specimen is represented showing the anatomical distribution of the scan sites 
considered as well as their corresponding bone mineral density values [VDLD/BT (g/cm3); Stahl 
(1999)]. 
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to each Stahl’s scan sites. In RU4 and RU5, the 
median values of CBT are about 4 and 6 times 
greater than in RU1 and RU6. 
With the sole exception of specimen 1, 
all elements have cracks or fissures of different 
size affecting both cortical and cancellous 
bone. The correlation between MCD and CB 
is high and statistically significant at an 
alpha level of 0.01 only for RU1 and RU6 
(Spearman Rho=0.92 and 0.85, respectively). 
In the case of the shaft, the correlation 
between both variables is moderate (RU4) 
or very low (RU5) so the width of the crack 
cannot be considered, in this particular portion 
of the bone, a good predictor of its depth. 
Figures 5 and 6 are representations of 
the relationship between the weathering 
stage and the ratio between MCD and CBT 
for the shaft and bone ends, respectively. In 
the proximal and distal ends, the MCD/CBT 
ratio reaches a value of 1 (i.e., the crack runs 
through the entire thickness of the cortical 
bone) at weathering stage 1 (RU1) or 2 (RU6). 
In weathering stage 3 —the maximum stage 
recorded— all hemi cross-sections have 
fissures that penetrate well into the cancellous 
bone (indicated by MCD/CBT ratio values 
higher than 1). In the shaft, longitudinal cracks 
do not penetrate more than 20% of the 
cortical bone until stage 3 (Figure 7); at this 
stage there is a variable degree of 
penetration, reaching in many cases (SP4-RU4, 
SP8-RU5, SP9-RU5, SP10-RU5) 100% of 
the cortical bone (i.e., MCD/CBT ratio=1). 
The total number of lateral cracks 
recorded in this sample is low (n=7), being 
present only in the shaft. This kind of cracks 
seems to appear only when the MCD/CBT 
ratio is equal to 1 in weathering stage 3 or 
higher, but not all cracks that run throughout 
the entire cortical bone have lateral cracks 
(e.g., in SP7-RU4, SP8-RU5, and SP10-RU5). 
the bone with quite different values of BMD 
[VDLD/BT (g/cm3); (Stahl, 1999)] react in 
a very similar way to subaerial weathering 
agents (e.g., proximal and distal ends of the 
bone, midshaft and distal segment of the 
shaft) and, at the same time, portions with 
relatively close values of BMD weather at 
different rates (e.g., proximal epiphysis and 
midshaft segment of the bone). Figure 3 also 
illustrates that at least two major gaps in the 
sequence of weathering can be identified at 
the total sample level: the first one between 
specimens 2 and 3, and the second one —the 
most significant— between specimens 6 and 7. 
Despite the latter fact, it can be said that the 
analyzed sample describes fairly well the 
progression of weathering across the radius-
ulna. In particular it is interesting to note 
that the general pattern seems to be one in 
which the midshaft —particularly its upper 
portion— is about two stages ahead of the 
proximal and distal ends of the bone 
(epiphyses and proximal and distal quarters 
of the shaft), at least from the stage 
represented by specimen 3 onwards. Figure 3 
also clearly illustrates that while both ends 
of the bone remain in stage 3, the shaft 
progresses to stage 5, with an evident 
destruction of the element. 
In Table 2 the values of the quantitative 
variables measured in each hemi cross-section 
(expressed in mm) are shown. With the 
exception of two cases —SP10-RU1 and 
SP10-RU4, in which the preservation state 
of the samples due to weathering (stage 5) 
made impossible the observations— all 
variables, when the described feature was 
present, could be measured. Lateral cracks 
were only present in the cortical bone of the 
shaft, particularly at the scan site RU4. 
Figure 4 shows the distribution of CBT 
values for the hemi cross-sections corresponding 
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Sample WS MCD CB CC CBT LCL1 LCD1a LCD1b LCL2 LCD2a LCD2b LCL1’ LCD1a’ LCD2b’ 
SP1-RU1 1 0.00 0.00 0.00 0.48 - - - - - - - - - 
SP1-RU4 0 0.00 0.00 0.00 8.33 - - - - - - - - - 
SP1-RU5 0 0.00 0.00 0.00 5.14 - - - - - - - - - 
SP1-RU6 0 0.00 0.00 0.00 1.65 - - - - - - - - - 
SP2-RU1 1 0.11 0.13 0.00 0.48 - - - - - - - - - 
SP2-RU4 1 0.95 0.21 1.07 5.12 - - - - - - 4.18 2.29 2.36 
SP2-RU5 1 0.45 0.44 1.35 4.84 - - - - - - - - - 
SP2-RU6 1 0.59 0.23 0.84 1.44 - - - - - - - - - 
SP3-RU1 2 0.45 0.28 0.20 0.51 - - - - - - - - - 
SP3-RU4 2 0.26 0.35 0.00 4.30 - - - - - - - - - 
SP3-RU5 2 0.36 0.59 0.00 4.01 - - - - - - - - - 
SP3-RU6 1 0.32 0.25 1.47 0.33 - - - - - - - - - 
SP4-RU1 2 0.18 0.12 0.00 0.64 - - - - - - - - - 
SP4-RU4 3 6.11 0.93 0.00 6.11 5.69 2.95 1.08 - - - - - - 
SP4-RU5 2 0.40 0.25 0.80 5.03 - - - - - - - - - 
SP4-RU6 1 0.27 0.09 0.00 1.81 - - - - - - - - - 
SP5-RU1 2 0.53 0.32 0.00 0.58 - - - - - - - - - 
SP5-RU4 3 0.19 0.36 0.00 5.80 - - - - - - - - - 
SP5-RU5 2 0.31 0.21 0.00 3.75 - - - - - - - - - 
SP5-RU6 1 1.00 0.18 0.25 1.45 - - - - - - - - - 
SP6-RU1 2 0.50 0.24 0.16 0.50 - - - - - - - - - 
SP6-RU4 3 1.19 0.31 1.53 6.26 - - - - - - - - - 
SP6-RU5 2 0.56 0.12 0.00 5.21 - - - - - - - - - 
SP6-RU6 1 0.45 0.06 1.68 0.63 - - - - - - - - - 
SP7-RU1 3 1.09 0.62 0.00 0.25 - - - - - - - - - 
SP7-RU4 4 5.15 2.55 0.00 5.15 - - - - - - - - - 
SP7-RU5 3 1.04 0.39 1.02 3.70 - - - - - - - - - 
SP7-RU6 3 1.38 0.44 0.00 0.00 - - - - - - - - - 
SP8-RU1 3 1.22 0.43 0.00 0.00 - - - - - - - - - 
SP8-RU4 4 4.07 0.54 0.00 4.07 2.58 1.93 1.49 - - - - - - 
SP8-RU5 3 3.81 0.47 0.00 3.81 - - - - - - - - - 
SP8-RU6 3 2.45 0.62 0.00 0.80 - - - - - - - - - 
SP9-RU1 3 0.79 0.44 0.00 0.32 - - - - - - - - - 
SP9-RU4 5 6.35 0.78 0.00 6.35 2.11 1.72 2.78 1.95 4.06 3.91 2.22 2.70 1.94 
SP9-RU5 3 5.61 0.16 0.00 5.61 - - - - - - 2.70 2.24 0.00 
SP9-RU6 3 1.24 0.25 0.00 0.45 - - - - - - - - - 
SP10-RU1 3 ns ns ns ns ns ns ns ns ns ns ns ns ns 
SP10-RU4 5 ns ns ns ns ns ns ns ns ns ns ns ns ns 
SP10-RU5 3 2.91 1.86 0.00 2.91 - - - - - - - - - 
SP10-RU6 3 1.13 0.39 0.00 0.24 - - - - - - - - - 
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Discussion  
 
Regarding the progression of weathering 
along the bone, our data indicate that 
cortical bone tissue behaves differently 
across the shaft: weathering tends to spread, 
from stage 2 onwards, from approximately 
the centre of the shaft to its upper half; as 
the process advances, the portion near the 
distal metaphysis remains in stage 3, even 
though the upper half of the shaft reaches 
stage 5. This pattern has been observed in 
There is no clear relationship between the 
depths at the origin and at the end of each 
fissure and the corresponding crack length 
(Spearman Rho=0.04 and -0.71, statistically 
non-significant at an alpha level of 0.01). 
The trajectory of the lateral cracks is 
generally ascendant (5/7 or 71%), although 
there are not statistically significant 
differences between the depth at the origin 
and at the end of the detected cracks 
globally (Kolmogorov-Smirnov two-sample 
test at an alpha level of 0.01). 
Table 2 (previous page). Metric dataset. References: Weathering stage (WS); Maximum crack depth 
(MCD); Crack breadth (CB); Crack continuation (CC); Cortical bone thickness (CBT); Lateral crack 
length (LCL); Lateral crack depth at the origin (LCD1a); Lateral crack depth at the end (LCD1b).  
Figure 4. Box-and-whiskers plots showing the distribution of cortical bone thickness (CBT) values measured 
in modern guanaco radius-ulna specimens at each of the four scan sites (Stahl 1999) considered in this 
study. Above each box-and-whiskers plot, the morphology of the corresponding cross sections is 
represented. 
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Figure 7. Proximal surface of 
sampled hemi cross-sections of 
bone at the Stahl’s (1999) RU4 
scan site (specimens 1 to 9).  
Figure 6. Scatter plot of the relationship between 
weathering and the maximum crack depth/cortical 
bone thickness ratio (MCD/CBT) for epiphyseal scan 
sites (RU1 and RU6; Stahl 1999). In both cases, 
the dashed line represents the boundary (MCD/CBT=1) 
between cortical (below) and cancellous (above) bone. 
Figure 5. Scatter plot of the relationship between 
weathering and the maximum crack depth/cortical 
bone thickness ratio (MCD/CBT) for diaphyseal 
scan sites (RU4 and RU5; Stahl 1999). 
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in the epiphyses attributable to weathering 
seemingly consist —once the thin cortical 
layer has been removed— of the progressive 
deepening of fissures or cracks. Other 
associated modifications like the erosion of 
cancellous bone, with the consequent loss of 
volume (Cunningham et al., 2011), can be 
considered the effects of bone weakened by 
weathering being susceptible to trampling 
or other kinds of postmortem damage. 
 Beyond this, it is clear that rates of 
tissue destruction attributable to weathering 
are different in shaft and bone ends, which 
would explain the observations made by 
Belardi et al. (2010, 2012) at different open-air 
sites. In any case, a deeper understanding of 
the differential patterns of diaphysis and 
epiphysis weathering depends on the development 
of macroscopic and microscopic descriptive 
criteria specific to the sequence of changes, 
as well as the possibility to relate such changes 
to intraosseous variations in the structure 
and mechanical properties of cortical and 
cancellous bone tissues (e.g., Riggs et al., 
1993; Endo et al., 2016). 
 
 
Conclusions 
 
Although the results obtained in this study 
seem to indicate that recurrent patterns of 
differential bone preservation found in 
assemblages recovered at open-air settings 
in southern Patagonia were likely caused by 
weathering, this inference should be further 
supported with data from a bigger sample 
including other long bones as well as a more 
complete record of the weathering sequence. 
Although subaerial weathering can 
suffice to explain the observed 
archaeological pattern of differential 
intraosseous preservation, an aspect that 
different guanaco long bones in the study 
area coming from both archaeological and 
modern assemblages. 
At the midshaft, near-concentric internal 
cracks —lateral to the main longitudinal 
cracks— begin to form at stage 3 and are 
invariably present at higher stages. The 
formation of this kind of internal cracking 
pattern is delayed, when present, in the 
distal third of the shaft. This kind of inner 
cracks was recorded in experimental studies 
of freeze-thaw cycles (Miller, 1975; Guadelli, 
2015; Pokines et al., 2016). It has been 
observed that the water frozen inside the 
pores and fissures of the bone has a high 
potential to further contribute to the cracking 
caused by weathering (Matsuoka, 1996; 
Guadelli, 2008, 2015; Pokines et al., 2016). 
Because the bones analyzed in this research 
were obtained from soil surfaces that are 
covered by snow in winter, the presence of 
lateral cracks could be likely due to 
repeated cycles of freezing and thawing. 
In our sample, as the weathering of the 
middle and proximal part of the shaft 
progresses, the proximal and distal epiphyses 
of the bone remain virtually unchanged 
(staying in stage 3). As a technical note, it 
can be said that the apparent quiescence of 
the ends of the bone, particularly of the 
epiphyses, in weathering stage 3 while other 
portions progress to higher stages may in 
fact be an artifact derived from the use of 
Behrensmeyer’s scale beyond its proper 
limits, since it has not been specifically 
designed to assess weathering at the epiphyses. 
It is important to remember that such scale is 
designed only to describe changes in compact 
or cortical bone, preferably in the diaphysis of 
long bones, flat surfaces of jaws, pelvis, 
vertebrae, and ribs (Behrensmeyer, 1978:152; 
see also Lyman, 1994:358). Structural changes 
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